Hepatic stellate cells (HSC) have a complex phenotype that includes both neural and myofibroblastic features. The Hedgehog (Hh) pathway has been shown to direct the fate of neural and myofibroblastic cells during embryogenesis and during tissue remodeling in adults. Therefore, we hypothesized that Hh signaling may regulate the fate of HSC in adults. In this study, we find that freshly isolated stellate cells from adult PatchedlacZ transgenic mice exhibit b-galactosidase activity, indicating Hh pathway activity. Transcripts of Hh ligands, the Hh pathway receptor, and Hh-regulated transcription factors are expressed by stellate cells from mice, rats, and humans. Transfection experiments in a cell line using a Hh-inducible luciferase reporter demonstrate constitutive Hh pathway activity. Moreover, neutralizing antibodies to Hh increase apoptosis, while viability is restored by treatment with Hh ligand. In vitro treatment of primary stellate cells with cyclopamine (Cyc), a pharmacologic inhibitor of the Hh pathway, inhibits activation and slightly decreases cell survival, while a single injection of Cyc into healthy adult mice reduces activation of HSC by more than 50% without producing obvious liver damage. Our findings reveal a novel mechanism, namely the Hh pathway, that regulates the activation and viability of HSC.
Hepatic stellate cells (HSC) are the major profibrogenic cells in the liver. During liver injury, HSC are activated to a myofibroblastic phenotype. Together with portal fibroblasts and septal myofibroblasts of bone marrow origin, activated HSC produce most of the collagen matrix in injured livers. 1 Thus, emerging antifibrotic therapies aim to inhibit the accumulation of these fibrogenic cells. A better understanding of the mechanisms that regulate the viability and phenotype of HSC will help to advance this goal because the reversibility of hepatic fibrosis appears to hinge upon the elimination of activated HSC. 2 HSC are thought to be fibroblastic mesenchymal cells 3, 4 based upon their robust induction of asmooth muscle actin (a-SMA), matrix molecules, and matrix metalloproteinases during activation. 5 However, these cells also exhibit many neuroendocrine features, including the expression of synaptophysin, glial fibrillary acidic protein (GFAP), neural cell adhesion molecule, nestin, 6 neurotrophins, 7 dopamine-b-hydroxylase (DBH), and tyrosine hydroxylase. 8 Like neuroendocrine cells, HSC synthesize a variety of catecholamines and express adrenoreceptors, 9 as well as receptors for other neurohumoral factors, such as acetylcholine, 10 neuropeptide Y, 11 angiotensin, 12 somatostatin, 13 and leptin.
14 These features have prompted speculation that HSC might be derived from neural precursors during development. 3 Recent research demonstrates overlap between the signals that regulate the fates of neural and myofibroblastic cells within the gastrointestinal tract. In vertebrate embryos, enteric neural crest cells migrate and colonize the gut, where they proliferate and differentiate into neurons and glia of the enteric nervous system. This process is regulated by Sonic hedgehog (Shh) acting through its cellular receptor, Patched (Ptc). 15 This interaction releases Smoothened (Smo) from the inhibitory actions of Ptc and initiates a cascade of intracellular events that culminate in the activation of Gli transcription factors which modulate the expression of target genes, including Ptc and Gli1. 16 This recent evidence for Hedgehog (Hh) signaling in the gastrointestinal tract complements and extends earlier evidence that Hh provides neural survival signals that are required in developing and adult brains. 17 Interestingly, recent studies of transgenic mice treated with a Hh inhibitor prove that this pathway is also critical for morphogenesis of the intestinal crypt-villus axis. 18 Also, during embryogenesis, subepithelial myofibroblasts and desmin-positive smooth muscle progenitors are the Hh-responsive targets that regulate the modeling of the primitive endoderm in order to generate the morphology of mature intestinal mucosa. 19 Thus, secreted morphogens of the Hh family regulate the fate of intestinal cells that have either neural or myofibroblastic phenotypes. In the adult intestine, cells that express Hh ligands and the Ptc receptor persist at the base of the crypts. Moreover, intestinal injury is accompanied by a dramatic induction of both ligand and receptor expression, suggesting that the Hh pathway plays a role in the repair of damaged intestinal mucosa during adulthood. 20 As mentioned earlier, HSC participate in the remodeling of injured livers. Based on the knowledge that HSC exhibit features of both neural and myofibroblastic cells, and the recent aforementioned evidence that the Hh pathway regulates neural and myofibroblastic cells that modulate gut mucosal remodeling, we hypothesized that components of the Hh pathway might be present in HSC and that Hh signaling may also regulate the viability and/or activation of these liver cells. To evaluate our hypothesis, we studied Ptc-lacZ transgenic mice in which b-galactosidase reports Hh pathway activity, 21 wild-type mice with and without exposure to the Hh pathway antagonist, cyclopamine (Cyc), 22 freshly isolated and cultured mouse HSC, cultured primary rat HSC, a spontaneously transformed human HSC line, 23 and two well-characterized, clonally derived rat HSC lines. 24 Our results demonstrate that HSC express Hh ligands and multiple components of the Hh pathway, as well as indicate that Hh pathway activity prevents apoptosis of HSC and modulates HSC activation. These findings identify novel therapeutic targets that might be used to prevent or reverse hepatic fibrosis.
Materials and methods

Animal Care
Adult, male C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and adult, male Ptc-lacZ reporter mice were obtained from Dr PA Beachy (Johns Hopkins University, Baltimore, MD, USA). 21 Animal experiments fulfilled NIH, Johns Hopkins, and Duke University requirements for humane animal care.
Ptc-lacZ Staining and Reporter Assay
Detection of b-galactosidase expression was performed using Ptc-lacZ reporter mice. 21 Staining for gene expression was performed as previously described using the b-galactosidase Detection Kit (Promega, Madison, WI, USA). 25 
Isolation of Primary Murine Liver Cells
The nonparenchymal cell (NPC) fraction was isolated by in situ portal vein perfusion with pronasecollagenase to destroy mature hepatocytes and release NPCs from the liver matrix. 24, 26, 27 Viable NPCs were collected by density gradient centrifugation through OptiPrept (Accurate Chemical, Norway), which separates HSCs from NPCs. 4, [28] [29] [30] Cell fractions were pooled from 2-12 mice. Greater than 95% of the isolated HSC exhibited autofluorescence typical of quiescent cells, as has been reported by others. 30 Viable cells were determined by Trypan Blue (GIBCO/BRL, Grand Island, NY, USA) exclusion and counted with a hemocytometer. Freshly isolated HSC were used for RNA analysis or cultured on plastic dishes for up to 7 days in 10% serum-supplemented RPMI 1640 medium (GIBCO/ BRL) and 10 mM HEPES.
Rat Hepatic Stellate Cell Isolation and Culture
Primary rat HSC were isolated through Percoll gradient (Amersham Biosciences, Piscataway, NJ, USA), cultured for 10 days, and passaged twice as described previously. 24, 31, 32 
Culture of Rat and Human Hepatic Stellate Cell Lines
Clonally derived rat HSC lines 24 were cultured in 10% serum-supplemented RPMI 1640 medium (GIBCO/BRL) and 10 mM HEPES. The human LX-2 HSC line was obtained from Dr SL Friedman (Mount Sinai School of Medicine, New York, NY, USA) 23 and cultured in 2% serum-supplemented DMEM: Ham's F-12 (1:1, GIBCO/BRL).
Pharmacological Regulation of Hh Signaling
Cell lines and primary HSC were treated with regulators of Hh signaling in a dose-dependent fashion. Cultured cell lines were treated with recombinant N-terminus Sonic hedgehog (Shh-N) ligand (10-40 nM, Stem Cell Technologies, Canada). Lines were also treated with mouse IgG 1 isotype control antibody (R&D Systems, Minneapolis, MN, USA) or 5E1 Hh-neutralizing antibody (University of Iowa Developmental Studies Hybridoma Bank, Iowa City, IA, USA) at concentrations of 0.1-10 mg/ml.
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The primary HSC were also treated with Cyc (Calbiochem, San Diego, CA, USA), or its catalytically inactive analog, tomatidine (3 mM). 22, 34 All experiments were performed in fetal bovine serum (FBS).
Immunofluorescent Staining of Cultured Cells
Following 7 days of culture, the media was removed from cultured mouse HSC. The adherent cells were rinsed once in phosphate-buffered saline (PBS). Cells were then fixed with 4% paraformaldehyde (Sigma) at room temperature for 15 min. The fixed cells were rinsed in 0.1 M Tris-HCl (pH 7.6, SigmaAldrich):0.05% Tween-20 (Bio-Rad, Hercules, CA, USA) for 5 min, 0.1 M Tris-HCl for 5 min, 0.1 M TrisHCl:2% FBS for 5 min, and then incubated with monoclonal anti-mouse a-SMA antibody (1:5000, Sigma-Aldrich) 35 for 30 min at room temperature. Following incubation with primary antibody, the cells were serially rinsed in Tris-HCl, and incubated with the secondary antibody, FITC-conjugated goat anti-mouse IgG g2a (1:75, Molecular Probes, Carlsbad, CA, USA) for 45 min at room temperature. After rinsing in 0.1 M Tris-HCl:0.05% Tween-20 followed by 0.1 M Tris-HCl for 5 min each, nuclear staining was performed with DAPI diluted in methanol (1:1000, Sigma-Aldrich) for 5 min. The cells were then rinsed with 100% methanol and photographed. Negative controls were performed by omitting the primary antibody from the protocol.
Immunofluorescent Staining of Mouse Liver
Serial sections of formalin-fixed, paraffin-embedded mouse livers, 7-mm thick, were used for immunofluorescent staining. Slides were deparaffinized in xylene and serially rehydrated in sequential ethanol (100-70%). For GFAP immunofluorescence, epitope retrieval was performed by microwave incubating slides in 1 Â Antigen Retrieval Citra Solution (BioGenex, San Ramon, CA, USA) for 10 min. For both GFAP and a-SMA staining, the slides were treated with 0.1 M Tris-HCl (pH 7.6):0.05% Tween-20 for 5 min, incubated with 1 mg/ml Proteinase K (Macherey-Nagel, Easton, PA, USA) for 15 min at room temperature, and then rinsed in water for 10 min. The remainder of staining protocol was the same as for the immunofluorescent staining of cultured cells, except that the primary antibody against GFAP was rabbit anti-bovine GFAP (1:1000, DakoCytomation, Carpinteria, CA, USA), which crossreacts with mouse GFAP. 36 The secondary antibody was FITC-conjugated goat anti-rabbit IgG (1:50, Molecular Probes, Carlsbad, CA, USA). Slides were coverslipped after the completion of staining. Negative controls were performed by omitting the primary antibody from the protocol.
Cell Viability and Apoptosis Assays
Cell viability was measured with the Cell Counting Kit-8 (Dojindo Molecular Technologies, Gaithersburg, MD, USA). 8, 37 Briefly, HSC lines were cultured for 24 h and then treated with reagent medium or appropriate control medium for 48 h. Cells were then incubated with tetrazolium reagent and absorbance was measured. Apoptotic activity was assayed in parallel cultures using the Apo-ONE Homogeneous Caspase 3/7 Apoptosis Assay (Promega, Madison, WI, USA) according to the manufacturer's instructions. 38, 39 Hh-Responsive Luciferase Reporter Assay
As primary HSC are not very amenable to detailed molecular manipulations, including transfection, 23 ,32 the Hh-responsive luciferase reporter assay was performed on cultures of HSC line 8B and a positive control cell line, C3H10T1/2, in replicates (n ¼ 6-8) as described previously. 40 Briefly, both lines were transfected with 9 Â Gli-binding siteluciferase plasmid and pRL-TK (Promega) along with vector or constitutively active, wild-type Smo using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommendations. After a 3.5 h transfection, cells were washed twice with DMEM:Ham's F-12 (1:1) medium and then cultured overnight in DMEM:Ham's F-12 (1:1) medium. Cells were harvested 16 h after transfection and lysed in reporter lysis buffer (Promega). Reporter activity was determined by using the Dual-Luciferase Reporter Assay System (Promega). Activity of the Firefly luciferase reporter was normalized to the activity of a Renilla luciferase internal control for transfection efficiency.
Two-Step Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted from whole liver, primary cells, and HSC lines with the RNeasy kit, followed by RNase-free DNase I treatment (Qiagen, Valencia, CA, USA). The primers were designed using Genbank sequences or as described previously (Table 1) . 11, 34, [41] [42] [43] For all primer pairs, specificity was confirmed by sequencing of PCR products. Amplicon products were separated by electrophoresis on a 2.0% agarose gel buffered with 0.5 Â TBE. Optimal annealing temperatures with appropriate melt curves were determined and PCR efficiency was confirmed above 90% for all primer sets. For each experiment, total RNA was reverse transcribed to cDNA templates and amplified using Ready-ToGo You-Prime First-Strand Beads (Amersham) with pd(N)6 first-strand cDNA primers (Amersham). For quantitative RT-PCR, 1.5% of the first-strand reaction was amplified using iQ-SYBR Green Supermix (Bio-Rad), an iCycler iQ Real-Time Detection System (Bio-Rad), and specific oligonucleotide primers for target sequences, as well as the b-glucuronidase (Gus) housekeeping gene. The PCR parameters were as follows: denaturing at 951C for 3 min followed by 40 cycles of denaturing at 951C for 15 s and annealing-extension at the optimal primer temperatures for 45-60 s. Threshold cycles (Ct) were automatically calculated by the iCycler iQ Real-Time Detection System. Target gene levels in the treated cells or tissues are presented as a ratio to levels detected in the corresponding control cells or tissues, respectively, according to the DDCt method as reported previously. 44 These fold changes were determined using point and interval estimates.
In Vivo Cyc Treatment
In all, 25 mice were injected intraperitoneally with either Cyc (15-30 mg/kg, n ¼ 13, Toronto Research Chemicals, Canada) or corn oil vehicle (n ¼ 12, Sigma-Aldrich). The Cyc was prepared as 10 mg/ml in corn oil vehicle. No mice died following treatment. All mice were killed after 24 h. Following euthanasia, livers were snap frozen in liquid nitrogen for subsequent RNA analysis or were fixed in formalin, paraffin-embedded, stained with hematoxylin and eosin, and histology examined by light microscopy. Given that the doses we administered were much lower (40 and 70% less) than the previously reported standard treatment 34 and we found no overt adverse effects, we restricted our immunofluorescent staining and real-time RT-PCR analyses to mice (n ¼ 5) that received the higher, 30 mg/kg, dose. Hepatic RNA was extracted from two of these livers and the remaining three livers were used for immunofluorescent staining. 
Results
Adult Mouse Liver Cells Possess Active Hh Signaling
The Hh pathway is activated when Hh ligands bind to their cell surface receptor, Ptc. The ensuing intracellular cascade modulates the expression of target genes, including Ptc and Gli1. 16 Based upon this cascade, Ptc-lacZ mice that carry a transgene encoding b-galactosidase driven by Hh-responsive elements in the Ptc promoter have been used to localize cellular Hh pathway activity. 21, 45 Earlier studies of these mice clearly demonstrated that mature hepatocytes and cholangiocytes in healthy adult livers lack Hh activity. 34 To determine if Hh signaling existed in other liver cell populations, we perfused the livers of two healthy adult Ptc-lacZ mice and isolated the NPC and HSC populations by standard density gradient centrifugation. Protein extracted from the crude NPC fraction and the highly enriched HSC fraction, but not the hepatocyte fraction, exhibited b-galactosidase activity (Figure 1a) , demonstrating that Hh signaling was active in cells residing within the first two liver cell fractions.
To confirm our findings by an alternative technique, we purified the HSC and NPC fractions from the livers of six healthy adult mice. We then compared the mRNA expression of Hh pathway components within the HSC fraction and the primary NPC fraction from these livers. Interestingly, the HSC fraction had a 313-fold higher expression of Shh and a seven-fold higher expression of Indian hedgehog (Ihh) than the NPC fraction, despite relatively little difference in the levels of Ptc expression (Figure 1b) . Thus, the freshly isolated HSC fraction produced significantly more Hh ligands than the NPC fraction. Further RT-PCR analysis of the HSC fraction confirmed that these cells expressed mRNA for other components of the Hh pathway, including Smo and members of the Gli family of transcription factors (Figure 1c ).
Activated HSC Express Hh Pathway Components
Compared to the crude NPC fraction, the HSC fraction has been purified to eliminate most but not all blood cells, committed hepatic progenitors (ie, oval cells), macrophages, endothelial cells, and biliary epithelial cells. Conversely, the crude NPC fraction always includes some HSC. Although our studies of adult Ptc-lacZ mice and freshly isolated primary HSC from wild-type mice provided evidence that Hh-responsive cells resided in this population, it was difficult to determine whether or not Hh-responsive cells were predominately HSC. Therefore, we used three other approaches to exclude the possibility that contaminating blood cells within the HSC fractions might have biased those results.
First, we evaluated expression of Hh pathway components in primary rat HSC after the cells were culture-activated and passaged twice. This protocol unequivocally eliminates other types of cells, such as macrophages, endothelial cells, and vascular smooth muscle cells, that may have contaminated the initial primary HSC isolates. 23, 46 As predicted by the work of others, 6,47 our primary rat HSC exhibited typical markers of myofibroblastic cells, such as a-sma, matrix metalloproteinase-2 (Mmp-2), and Nestin mRNA, but lacked Gfap expression ( Figure  2a ). Similar to freshly isolated mouse HSC, our culture-activated rat HSC also expressed multiple components of the Hh pathway, including Shh, Ihh, Ptc, Smo, Gli1, Gli2, and Gli3 (Figure 2b) .
As a second approach, we evaluated a new human HSC line, LX-2, that was shown to be virtually identical to activated human HSC by microarray analyses. 23 Like culture-activated, primary rat HSC, LX-2 had low but detectable Shh and Ihh expression. As in rat HSC, mRNA levels of other Hh pathway components (Ptc, Smo, Gli1, Gli2, and Gli3) in the human HSC line also approximated those of Gus, a highly expressed housekeeping gene ( Figure  2c ). Robust Ptc expression in the LX-2 line suggested that the human cells had high endogenous Hh pathway activity.
Finally, we compared mRNA levels of Hh pathway components in culture-activated rat HSC and LX-2 human HSC to primary mouse HSC that were culture-activated for 7 days. We found similar patterns of Hh component expression in HSC from all three species (Figure 2c ).
Inhibition of Hh Signaling Abrogates Primary Hepatic Stellate Cell Activation
Next, the influence of Hh signaling on HSC activation was assessed by comparing the effects of treatment with Cyc (a pharmacologic inhibitor of Hh signaling) with that of tomatidine (an inactive Cyc analog) 34 on the spontaneous differentiation of quiescent primary murine HSC to activated myofibroblasts in vitro. Standard markers of quiescence (eg, Gfap) and activation (eg, a-sma, and type I collagen a2 (Col1a2)) were evaluated by real-time RT-PCR. In control (tomatidine-treated) cultures, Gfap expression decreased (by more than 24-fold), while a-sma and Col1a2 expression increased dramatically (Figure 3a ) after 7 days, and the cells enlarged and became polygonally shaped with large nuclei (Figure 3b ). In contrast, typical morphologic features of activation 30, 48 were less frequent after 7 days of Hh inhibition, and most of the cells remained compact with small nuclei (Figure 3c ). Immunofluorescent staining revealed markedly reduced a-SMA in Hh-inhibited HSC (Figure 3e ) compared to control HSC (Figure 3d ). Systematic quantification of DAPI-stained nuclei demonstrated fewer HSC (8.174.7 HSC/field) in Cyc-treated cultures than in control cultures (10.574.2 HSC/ field). This modest (22%) decrease in HSC number was consistent, albeit not statistically significant (Po0.10), based upon counts in 22 random 40 Â fields per plate. Real-time RT-PCR analysis showed that Cyc decreased a-sma expression by 22% (data not shown) and Col1a2 expression by nearly 50% (Figure 3f) . Together, these findings indicated that inhibition of Hh signaling with Cyc appreciably reduced spontaneous activation/differentiation of HSC in vitro.
Hh Activity Maintains Clonal Rat Hepatic Stellate Cell Lines
Next, we evaluated two clonal rat HSC lines that were derived from the liver of a single rat that was treated with carbon tetrachloride. 24, [49] [50] [51] HSC line 5H is known to exhibit the features of a classic myofibroblast, including copious production of matrix proteins, such as type I collagen. HSC line 8B is considered to be more 'stellate cell-like', upregulating collagen expression when exposed to transforming growth factor beta (TGF-b), expressing platelet-derived growth factor-b (PDGF-b) receptors, and proliferating in response to PDGF. Our RT-PCR analysis demonstrated that both cell lines retained the typical features of culture-activated primary HSC. 52 They expressed neural markers, including Nestin and Gfap, as well as produced mesenchymal factors, including Mmp-2 and a-sma (data not shown).
We evaluated these HSC clones for expression of Shh, Ihh, Ptc, Smo, and the Gli family of transcription factors. Both rat HSC lines expressed cellular components of the Hh pathway (Figure 4a) . Interestingly, unlike our primary HSC and LX-2 cells which expressed both Shh and Ihh, the rat HSC lines had distinct patterns of ligand expression: one of them (5H) expressed Shh, while the other (8B) expressed Ihh. This finding was consistent with abundant evidence that the HSC population in adult livers is heterogeneous. 1, 4 To determine if expression of Hh pathway components was accompanied by functional pathway activity, we transfected cultures of HSC line 8B with an Hh-inducible Gli-luciferase reporter. 40 Basal Gli-reporter activity in HSC line 8B was equivalent to that of a positive control cell line (C3H10T1/2) that was cotransfected with constitutively active Smo (Figure 4b ). Introduction of Smo upregulated Gli-luciferase activity in the HSC 8B cells by 220% (Po0.01). These findings demonstrated that our clonal HSC line not only expressed Hh signaling components but also exhibited constitutive and inducible Hh pathway activity.
As mentioned earlier, Hh signaling is known to regulate the viability of neural and myofibroblastic cells in the brain and gut. We found that Hh pathway inhibition slightly decreased primary HSC numbers in vitro. Therefore, we cultured the lines with recombinant Shh-N ligand or neutralizing antibody to Shh (5E1) to examine the influence of Hh pathway activity on HSC viability. The 5H clone that constitutively expressed Shh was particularly sensitive to depletion of Shh, demonstrating striking dose-related increases in apoptotic activity (Figure 4c ) and decreases in viability (Figure 4d ) when cultured in the presence of Shh-neutralizing antibody (5E1). Conversely, Shh-N ligand decreased apoptotic activity (Figure 4c ) and increased the viability (Figure 4d ) of this line in a dose-dependent fashion. To corroborate these findings, we treated the LX-2 human HSC line with modulators of Hh signaling. Shh neutralization with 5E1 antibody increased caspase 3/7 activity in LX-2 cells by up to 48% (data not shown). Therefore, activated HSC relied upon Hh ligands for optimal viability.
Inhibition of Hh Signaling Maintains Quiescent HSC In Vivo
We next investigated the effect of inhibiting Hh pathway activity in healthy adult mice. Mice were treated with either corn oil vehicle or a single intraperitoneal injection of Cyc 1 day before sacrifice, 53 and we performed immunofluorescent staining for GFAP (Figure 5a ) and a-SMA (Figure 5b ) in liver sections from representative mice. GFAPpositive and a-SMA-positive HSC were generally quite rare (range: 0-3 per 40 Â field). However, comparison of the average number of cells in 50-75 fields revealed a two-fold increase in GFAP-positive cells in the Cyc group (Po0.05), with an equal and opposite (ie, 50%) reduction in a-SMA-positive cells (Po0.01) in the same livers (Figure 5c ). Real-time RT-PCR analysis showed that Cyc significantly inhibited hepatic expression of two markers of activated HSC, reducing mRNA of Nestin by 63% and a-sma by 74%, while increasing a marker of quiescent HSC, Gfap, by 78% (Figure 5d ). We did not see an effect on Col1a2 expression (data not shown) during this brief treatment period, and the expense of Cyc prohibited us from evaluating the effects of repeated Cyc injections on the evolution of cirrhosis. Liver weights and liver/body weight ratios were similar in the Cyc-treated group and controls, and none of the Cyc-treated mice exhibited liver injury on H&E-stained liver sections (data not shown). Thus, a single treatment with a highly specific inhibitor of Hh activity rapidly upregulated a quiescent HSC marker and downregulated markers of activated HSC without adversely influencing the health or liver histology of adult mice.
Discussion
These results identify a novel mechanism, namely Hh signaling, which regulates HSC viability and activation. Using several complementary experimental approaches, we demonstrated that HSC in adult livers express Hh ligands, Ptc receptor, and several downstream components of the Hh pathway, have endogenous pathway activity, and rely upon Hh signals for activation and optimal viability.
Although Hh has not been previously considered as a potential differentiation or viability factor for HSC, our findings are consistent with abundant evidence that Hh regulates the viability and differentiation of other cells with neural and smooth muscle-like phenotypes. Hh activity is required for the development of the enteric nervous system, 15 and to establish crypt-villus patterning in developing intestinal mucosa. 19 The latter process involves interaction between Hh ligand and Ptc-expressing subepithelial myofibroblasts and smooth muscle cells. In embryos, the Hh pathway plays a fairly generalized role in directing mesenchymal maturation. Shh upregulates smooth muscle actin in the mesenchyme of embryonic lung explants. 54 In developing limb cartilage, Ihh induces expression of Ptc in perichondrial cells. 55, 56 Our current studies add to this body of work by demonstrating that quiescent and activated HSC express Hh pathway components and require pathway activity for differentiation to activated myofibroblasts in vitro and in vivo.
Although the Hh pathway has been most extensively studied in developing embryos, 57 emerging evidence indicates that it also modulates the homeostasis of several adult tissues. This has been most clearly demonstrated in skin, where direct pharmacologic manipulation of Hh signaling has been used to improve psoriasis in adult patients. 58 Mucosal expression of Hh ligand and its receptor, Ptc, has also been documented in healthy adult intestine, and pathway activity increases in an array of inflammatory gut disorders. 20 Finally, excessive activation of the Hh pathway is involved in the formation of a variety of tumors in adults, 16 including basal cell carcinoma, 59 cholangiocarcinoma, and prostate cancer. 60 Thus, there is no doubt that cells possessing Hh signaling persist and thrive in several adult tissues. 57 Our work adds liver to the list of adult organs that harbor Hh-responsive cells, extending earlier reports that demonstrated induction of mRNA for Hh-inhibitory protein, Ptc, and Smo in whole liver extracts from cirrhotic patients. [61] [62] [63] Interestingly, a large hepatic mesenchymal tumor has been reported recently in a patient with Gorlin's syndrome, which is caused by germline mutations in Ptc that result in Hh pathway activation. 64 Our work suggests that resident HSC may be a source of these Hh ligands. Given that HSC accumulate in cirrhosis, which is a major risk factor for hepatocellular carcinoma, these findings also complement other work from our group which demonstrates Hh pathway activation in human hepatocarcinogenesis. 65 At present, published evidence linking Hh activity to fibrosis is relatively indirect. However, one possible mechanism might involve the mammalian target of rapamycin (mTOR) pathway. mTOR modulates hepatic fibrosis, as demonstrated by evidence that rapamycin inhibits HSC proliferation and fibrinogenesis. 66 In this regard, HSC resemble dermal fibroblasts in which transfection with small interference RNA targeted at mTOR significantly decreases collagen gene expression. 67 These findings are pertinent to our work because the mTOR pathway is sensitized by Gli1, 68 a known signaling component and transcriptional target of Hh signals. The possibility that Hh promotes fibrosis by activating mTOR is further supported by observations that keloid scars overexpress Gli1 and are improved by treatment with mTOR inhibitors. 69 We show that, like mTOR antagonists, Cyc, an inhibitor of Hh signaling, decreases HSC activation and collagen gene expression. A link between Hh and liver fibrosis is also supported by evidence that cholesterol-lowering drugs block HSC proliferation and reduce collagen gene expression. 70 This may involve inhibition of Hh signaling because Shh protein requires cholesterol modification for functional activity. 71 Additional investigation of Hh-mTORcholesterol interactions will be required to substantiate or refute these theories. In any case, our findings provide compelling evidence for a previously unappreciated role for Hh signaling in HSC activation and liver fibrinogenesis.
Further work is necessary to delineate if and how Hh activity might regulate HSC biology during liver injury and repair. Much of the previous work on HSC has focused on their role in matrix formation during pathologic repair, such as cirrhosis. 1 However, HSC are also thought to play a role in healthy remodeling of liver tissue, such as occurs following partial hepatectomy. 72 Our findings in Cyc-treated mice are intriguing in this regard because they suggest that Hh signaling is necessary for the activation of quiescent HSC to activated myofibroblasts in uninjured livers. Another group has recently reported that Hh activity is necessary to expand pulmonary neuroendocrine cells.
25 While the precise mechanisms by which resident neuroendocrine cells modulate tissue homeostasis remain obscure in both lung and liver, evidence that the Hh pathway is involved opens a new area for research. In addition, the identification of Hh inhibition as a means to maintain HSC quiescence is particularly exciting because it provides a new therapeutic target in cirrhosis. 2, 5 
